Abstract
Introduction
Tuberculosis (TB) continues to be a global health issue. According to the World Health Organization Global Tuberculosis Report 2013, an estimated 8.6 million people developed TB and 1.3 million died from the disease in 2012 [1] . The pathogen responsible for this widespread and persistent infection is Mycobacterium tuberculosis (Mtb), which often resides in macrophages and eventually induces the death of its host cells. The survival of Mtb is dependent on its capacity to block the immune response of the host. As the principal reservoir of Mtb, macrophages also serve as the main effector cells responsible for the control of mycobacterial replication. Importantly, apoptosis is essential for macrophages to kill Mtb, while virulent Mtb inhibits apoptosis but induces necrosis, which facilitates bacterial escape into the surrounding tissues to start a new cycle of infection, ultimately resulting in bacterial dissemination [2] [3] [4] .
The early secreted antigenic target 6-kDa protein (ESAT-6) is one of the key antigens expressed by Mtb, but not Bacillus Calmette-Guerin (BCG), and has been studied extensively for its potent immunomodulatory activities as a subunit vaccine [5, 6] . A recombinant BCG that contains region of difference 1 (RD1) and exports ESAT-6 shows enhanced protection against TB [7] . The ESAT-6-induced apoptosis in macrophages was first demonstrated by Derrick et al. in 2007 [8] . Furthermore, ESAT-6 drives Th17 cell differentiation [9] and exhibits an immunotherapeutic potential against experimental TB [10] . However, the mechanism by which the ESAT-6 system-1 (ESX1)-encoded ESAT-6 induces protective immune responses and apoptosis against TB remains elusive.
MicroRNAs (miRNAs) are a class of evolutionarily conserved, single-stranded, noncoding RNAs of 20 to 22 nucleotides that control gene expression by translational repression and/ or induction of mRNA degradation. In recent years, microRNA-155 (miR-155, encoded by a noncoding gene known as BIC) has emerged as a crucial regulator of innate or adaptive immune responses. Recent studies have indicated that miR-155 has a novel role in Th1 or Th17 differentiation during microbial infections [11] and that augmented expression of miR-155 is observed in lipopolysaccharide (LPS)-induced inflammatory response [12] . Furthermore, miR-155 affects the expression of dendritic cell-specific intercellular adhesion molecule 3 grabbing non-integrin (DC-SIGN) by downregulation of PU.1 (a spleen focus forming virus proviral integration oncogene) [13] .
The suppressor of cytokine signaling (SOCS) family, also known as cytokine-inducible SH2-containing proteins and STAT-induced STAT inhibitor, consists of eight members (SOCS1-7 and CISH), with SOCS1 being the most characterized, each of which shares a central modulator with a SH2 domain and a C-terminal SOCS box [14] . They are key regulators of the cross-regulation of cytokine secretion by targeting the JAK/STAT pathway in different immune cells. SOCS1 is a well-established key negative regulator of the JAK/STAT pathway and inhibits proinflammatory cytokines such as tumor necrosis factor alpha (TNF-α), interleukin-6 (IL-6), and interferon gamma (IFN-γ) [15] . More recently, miR-155 has been implicated as an important regulator of breast cancer and LPS-induced inflammatory response through negatively regulating SOCS1 [16] .
In light of the aforementioned reports, the present study was designed to unravel the relationship between ESAT-6 and miR-155 expression and the role of miR-155 in ESAT-6-mediated enhancement of host immunity and apoptosis of macrophages. We investigated whether ESAT-6 regulates the expression of miR-155 in macrophages; whether enhanced expression of mir-155 or knockdown of miR-155 affects SOCS1 expression, the production of cytokines such as IL-6, and apoptosis in macrophages; and whether the expression of miR-155 is dependent on Toll-like receptor 2 (TLR2)/nuclear factor kappalight-chain-enhancer of activated B cell (NF-κB) activation. We further analyzed the expression of TLR2 and BIC in LTB patients and its role in the immune responses against Mtb, and the relationship between the expression of SOCS1 and the suppression of immune activation of the host and the survival of Mtb in TB patients. We believe that these studies will help demonstrate the role of the TLR2/miR-155/SOCS1 signaling axis in the immune
Lentivirus preparation and in vitro infection
Lentiviral vectors expressing miR-155 sponge, miR-155, or SOCS1 were generated by GeneChem (Shanghai, China). Cell infections were performed in triplicate according to the manufacturer's recommendations, with a multiplicity of infection (MOI) of approximately twenty.
Subjects
Patients recruited into the current study were seen at the Department of Clinical Laboratory at Daping Hospital, Third Military Medical University (Chongqing, China), between March 2013 and April 2014. All patients had received the T-Spot® TB test. Patients who were pregnant, immunosuppressed, or had an autoimmune disease were excluded from this study.
The patients were divided into three groups according to their TB status: TB-negative (n = 20), active TB (n = 20), and latent TB (LTB; n = 20) [18] [19] [20] . The TB-negative group included subjects who tested negative with the T-Spot® TB test. The active TB group included subjects who either had Mtb cultures grown from a clinical specimen or a positive T-Spot® TB test, and were reported to the Chinese Center for Disease Control and Prevention. The LTB group included subjects with either a positive tuberculin skin test, a positive T-Spot® TB test, or both, but with no signs or symptoms of active TB disease and no positive cultures for Mtb. Moreover, radiological and clinical examinations were also performed on each of the subjects to confirm active TB in pulmonary TB patients and to exclude individuals with LTB disease. Each of the subjects provided a written informed consent, and the study protocol was reviewed and approved by the Institutional Bioethics Committee of the Third Military Medical University.
Quantitative PCR (qPCR) analysis
Total RNAs were extracted from RAW264.7 cells treated with EAST-6 (5 μg/ml) or peripheral blood mononuclear cells (PBMCs) using TRIzol reagent (Gibco-Invitrogen, Carlsbad, CA, USA). The real-time quantitative reverse transcription polymerase chain reaction (RT-PCR) for miR-155 was performed with Cellular Physiology and Biochemistry
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the TaqMan microRNA Assay Kit (Applied Biosystems, Foster City, CA, USA) using specific qRT Primer Sets following the manufacturer's instructions (Applied Biosystems). U6 snRNA was used for normalization. cDNA was synthesized using a Transcriptor First Strand cDNA Synthesis Kit (Roche Diagnostics GmbH, Mannheim, Germany). The PCR was performed using a Bio-Rad CFX96 real-time thermal cycler and FastStart Essential DNA Green Master (Roche Diagnostics GmbH, Mannheim, Germany) for analyses of the expressions of BIC, TLR2, SOCS1, IL-6, IFN-γ, inducible nitric oxide synthase (iNOS), and TNF-α, respectively. The relative expression levels of the mRNAs were normalized to that of the internal control β-actin or GAPDH using the 2 -ΔΔCt cycle threshold method. All the PCR primers used in this study are listed in Table 1 .
Analysis of cellular apoptosis RAW264.7 cells were treated with 5 µg/ml of ESAT-6 protein, harvested at various times (0 to 24 h), and then labeled with annexin V-FITC and propidium iodide following the manufacturer's instructions (BD Bioscience, Franklin Lakes, NJ, USA). The cells were sorted by fluorescence-activated cell sorting, and the data were analyzed using FlowJo software (Tree Star, Ashland, OR, USA) as described previously [21] .
Western blot analysis
The treated cells were washed with cold phosphate-buffered saline (PBS) and were lysed in RIPA lysis buffer (Beyotime Biotechnology, Shanghai, China). After protein quantification, equal amounts of protein lysates (50 μg each) were separated by 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA). The membranes were then incubated with the primary antibodies in PBS containing 0.2% Tween-20 (TBST) and 5% bovine serum albumin overnight at 4°C. After washing with TBST, the membranes were probed with a secondary antibody conjugated with horseradish peroxidase (Beijing Zhongshan Jinqiao Biological Technology Co., Ltd., Beijing, China) diluted 10,000-fold in PBS. Finally, an enhanced ECL chemiluminescence reagent kit (Millipore, Billerica, MA, USA) was used to detect the protein of interest in accordance with the manufacturer's protocol.
Statistical analysis
Statistical analyses were performed with GraphPad PRISM Version 6 (GraphPad Software, San Diego, CA, USA). All the results were expressed as the mean ± standard error of the mean (SEM) of the data 
Results

ESAT-6 induces apoptosis of RAW264.7 macrophages in a time-dependent manner
In order to demonstrate the effect of ESAT-6 on the apoptosis of macrophages, we first analyzed the changes in caspase-3 expression following ESAT-6 treatment. There was a notable increase in cleaved caspase-3 in RAW264.7 cells (Fig. 1A) and a time-dependent increase in apoptotic cells (Fig. 1B) .
miR-155 is required for ESAT-6-mediated macrophage apoptosis
As shown in Figure 2 , our qPCR analyses indicated that there was a marked timedependent increase in miR-155 expression at 4 h after ESAT-6 treatment in RAW264.7 cells (Fig. 2A) . Similar upregulation of the BIC transcript was also found in the present study (Fig.  2B) .
We further examined the effect of miR-155 on ESAT-6-mediated macrophage apoptosis. After the RAW264.7 cells were treated with the lentivirus-mediated miRNA sponge for miR-155 inhibition (Fig. 2C) , a significant reduction of cleaved caspase-3 activity (Fig. 2D) and an obvious decrease in apoptotic populations (Fig. 2E) were observed in ESAT-6-treated macrophages, compared with the control cells. A similar reduction of cleaved caspase-3 activity was also observed in BCG-or Mtb-treated macrophages due to miR-155 inhibition (Fig. 3A) and western blotting results (Fig. 3B ) demonstrated that SOCS1 was rapidly induced after ESAT-6 treatment and then was downregulated, most likely due to the time-dependent induction of miR-155 expression ( Fig. 2A) . Additional qPCR analyses (Fig. 3C ) and western blotting results (Fig. 3D ) demonstrated that miR-155 inhibition led to a significant increase in the SOCS1 level in the presence of ESAT-6. Furthermore, overexpression of miR-155 could substantially inhibit the expression of SOCS1 (Fig. 3E ), leading to a significant increase in cleaved caspase-3 activity (Fig. 3F) induced miR-155 expression is TLR2-dependent. First, we determined the expression of p65 in RAW264.7 cells. As shown in Figure 5A , p65 expression was significantly upregulated at 4 h after ESAT-6 treatment. The small interfering RNA silencing of p65 (Fig. 5B) abrogated the ESAT-6-induced miR-155 expression (Fig. 5C) , indicating a critical role of NF-κB activation in the induction of miR-155.
Moreover, we also found that small interfering RNA silencing of TLR2 blocked ESAT-6-induced NF-κB activation (Fig. 5D) and repealed ESAT-6-induced miR-155 expression (Fig.  5E ). These data indicate that the ESAT-6-induced expression of miR-155 is dependent on TLR2/NF-κB activation.
Differential expressions of TLR2, BIC, and SOCS1 in PBMCs of patients with active TB and LTB
TLR2, SOCS1, and BIC are key regulators of cytokine secretion and function. Previous studies have reported that the upregulation of SOCS1 is associated with suppression of immune activation of T cells, favoring the survival of Mtb [24] . In the present study, we examined the expression levels of TLR2, BIC, and SOCS1 in human PBMCs of patients with active TB disease and LTB disease, respectively. Interestingly, both TLR2 and BIC mRNA expression levels were increased in the patients with LTB, compared to their counterparts with TB (p < 0.01) and the healthy non-TB subjects (p < 0.01). In addition, the BIC mRNA transcripts were decreased in the TB group, compared with the control group (p < 0.05); while the TLR2 mRNA levels were similar in both the TB and control groups (Fig. 6A-B) . The time course of ESAT-6-induced p65 protein expression as assayed by western blotting. Macrophages were stimulated with 5 μg/ml ESAT-6 and assayed for p65 protein levels using western blotting. A representative blot of three experiments is shown. The effect of p65-specific siRNA on p65 (B) and miR-155 (C) expression in RAW264.7 cells under different treatments as indicated. The effect of TLR2-specific siRNA on TLR2, p65 (D), and miR-155 (E) expression in RAW264.7 cells under different treatments as indicated. MiR-155 was evaluated with the TaqMan microRNA assay kit using specific qRT primer sets, following the manufacturer's instructions. U6 snRNA was used for normalization. All values are expressed as means ± SEM. Each experiment was performed in triplicate.
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Additionally, the SOCS1 mRNA expression levels were found to be decreased in the LTB group, compared with the TB (p < 0.01) and control groups (p < 0.01); whereas the same levels were much higher in the TB group than in the control group (p < 0.05; Fig. 6C ). Collectively, these findings indicate that an increase of TLR2 and BIC expression levels in LTB may be involved in the regulation of host immunity to Mtb.
Discussion
A previous study [17] has demonstrated that miR-155 is highly expressed in ESAT-6-treated macrophages, but the role of miR-155 in ESAT-6-induced apoptosis of macrophages is not fully understood. In the present study, we showed for the first time that the TLR2/ miR-155/SOCS1 signaling axis had an important role in the ESAT-6-mediated protective immune response and macrophage apoptosis. Specifically, miR-155 was induced upon ESAT-6 stimulation that was dependent on TLR2/NF-κB activation, thus promoting apoptosis by targeting the miR-155-SOCS1 interaction. We further showed that pro-inflammatory mediators including IL-6 and TNF-α were increased in macrophages after ESAT-6 treatment, likely because of the downregulation of SOCS1 by miR-155. We believe this is a novel mechanism by which ESAT-6 mediates a protective immune response and macrophage apoptosis (Fig. 7) .
Currently, there are three main approaches used in miRNA loss-of-function studies: gene knockout, chemically modified antisense oligonucleotides, and miRNA sponges. More recently, lentivirus-mediated expression of miRNAs and miRNA sponges have been used to [25] [26] [27] . In the present study, the importance of miR-155 in ESAT-6 regulation of innate immunity and apoptosis was investigated using a lentivirus-mediated miR-155 sponge. The lentiviral vector encoding the miR-155 sponge was found to sufficiently silence miR-155, resulting in the upregulation of SOCS1, which could attenuate the production of cytokines (such as IL-6 and TNF-α) and ultimately suppress the immune response to Mtb. Moreover, miR-155 inhibition could suppress macrophage apoptosis, while lentivirus-mediated miR-155 overexpression caused induction of apoptosis.
Considering that miR-155 transcription is dependent on NF-κB activation [23] , we further investigated the expression of p65 in RAW264.7 cells upon ESAT-6 stimulation. It appeared contradictory that NF-κB activation was induced at 4 h in macrophages, while TLR/ MyD88-dependent NF-κB activation could be inhibited within 1 h after exogenous ESAT-6 pretreatment [22] . However, it should be noted that NF-κB activation could be modulated by ESAT-6 with a temporal and spatial specificity. Moreover, miR-155 induction may be dependent on several other transcription factors such as ETS2 [12] , AP-1 [28] , and SMAD4 [29] . Therefore, further investigations are necessary to determine the other mechanisms responsible for the regulation of miR-155 in macrophages.
Most individuals infected with Mtb are asymptomatic, known as LTB, which may persist throughout a lifetime, indicating that immune responses are closely associated with the outcome of TB. TLR2, SOCS1, and BIC serve as key regulators of immune responses and contribute to the regulation of immune activation of T cells and macrophages after infection with Mtb. In the present study, we found that the TLR2, BIC, and SOCS1 mRNA expression levels were differentially expressed in human PBMCs of patients with TB and LTB, respectively. The upregulation of TLR2 and BIC in LTB patients may contribute to host immunity against Mtb, while increased expression of SOCS1 may be associated with the suppression of immune activation, favoring the survival of Mtb in TB patients. Furthermore, our results indicate that TLR2, BIC, and SOCS1 could be potential biomarkers for discriminating LTB infection and TB disease.
Besides SOCS1, miR-155 also has other targets involved in immune functions, such as SHIP1 [30] and C/EBPβ [31] , two important negative regulators of the IL-6 signaling pathway. Thus, it is speculated that ESAT-6 may modulate immune response by regulating SHIP-1, C/ EBP β, or both, via miR-155. This speculation remains to be investigated in future studies.
In summary, the results presented in this study demonstrated that ESAT-6 promoted apoptosis in macrophages by targeting the miR-155-SOCS1 interaction. We concluded that miR-155 also had a critical role in EAST-6-mediated protective immune responses against Mtb. Furthermore, the enhanced expression of miR-155 was largely dependent on TLR2/ NF-κB activation. In addition, our study suggested that differential expression levels of TLR2, BIC, and SOCS1 could be involved in regulating the protective immune response against Mtb infection. Overall, the TLR2/miR-155/SOCS1 signaling axis regulates ESAT-6-mediated host immunity and apoptosis in macrophages, which might serve as a novel target for immunotherapy for Mtb infection. Therefore, this study provides a basis for a new avenue to explore various immunomodulatory mechanisms of ESAT-6 in host innate immunity against mycobacterial infections.
